Prompted by a recent article by Jiang and Liu in Antiquity (80, 2006)
Presumed domestication
In some legal traditions, people are presumed innocent until proven guilty. In the study of agricultural origins it is perhaps prudent to presume plants are wild until evidence can be found to indicate domestication. This has not, however, been the convention in the archaeology of East Asia, where domestication is taken for granted, unproven and unquestioned. The recent research report by , unfortunately continues this tradition. It seems a curious fact that little discussion has ever been devoted to wild rice foraging in Asia, which logically must have preceded agriculture, or how this might appear archaeologically. We believe that the rice chaff that was used to temper Shangshan pottery will most likely turn out to be a product of foraging, and we would like to take this opportunity to consider a larger body of available evidence from the Lower Yangtze area (Figure 1 ) that suggests the process of rice domestication came to an end (full domestication) closer to 4000 BC after an extended period, of a millennium or more, of pre-domestication cultivation and presumably a much longer period of wild rice use by foragers. Hemudu; 2.Tianluoshan; 3. Kuahuqiao; 4. Shangshan; 5. Liangzhu; 6. Majiabang area, including Nanzhuangqiao, Luojiajiao and Pu'anqiao; 7. Nanhebang; 8. Maqiao; 9. Songze; 10. Xujiawan; 11. Chuodun; 12. Weidun; 13. Longnan and Caoxieshan; 14. Qiucheng; 15. Longqiuzhuang; 16. Sanxingcun; 17. Lingjiatan; 18. Jiahu; 19. Bashidang; 20. Pengtoushan; 21. Chengtoushan. Writings on rice in the Lower Yangtze contain a paradox. It has been suggested that rice assemblages contain a mixture of indica and japonica cultivars, or just indica or just japonica, or intermediate 'ancient' forms of rice (e.g. You 1976; Zhou 1981; Li 1985; Zhao & Wu 1987; Oka 1988; Bellwood 1997: 206; Zhang 2002 ), but such claims are riddled with contradictions between different scholars looking at the same material, and all such claims are predicated on a now disproven theory of rice origins. In the 1980s prominent botanists, especially Oka (1988) but also T. Chang (1989) , favoured a single origin for rice followed by differentiation into indica and japonica subspecies under cultivation. This scenario, however, is no longer tenable as data accumulated through newer genetic techniques indicates that indica and japonica are phylogenetically distinct, and represent separate domestication events from distinct progenitor species, Oryza nivara for indica and Oryza rufipogon (sensu stricto) for japonica (e.g. Sato et al. 1990; Sano & Morishima 1992; Chen et al. 1993; Wan & Ikehashi 1997; Cheng et al. 2003; Vaughan et al. 2003; Li et al. 2004; for nomenclature, see Vaughan 1994) . Indeed, the most comprehensive study to date indicates two separate domestication events for japonica rice, in the South China region, and two domestications of indica rices in South Asia or western Southeast Asia (Londo et al. 2006) . This evidence has only begun to be considered in the archaeological literature recently (e.g. Crawford & Shen 1998; Jones & Brown 2001; Fuller 2002: 297; Sato 2002) . It should be noted that this genetic evidence overturns the assumption of a single Asian rice origin, which remains prominent in many textbooks (e.g. Bellwood 1997; Higham 2005) . While this alone should call into question older archaeobotanical descriptions, since the dominance of 'indica' in early China should be impossible, in fact the attribution of these early finds to indica or japonica domesticated rice is not supported by available morphometric evidence.
Traditional identification ratios do not work unless the presence of wild species can be excluded. Attributions of ancient rice material has been made on the basis of grain or spikelet length-to-width ratios, with ratios of greater than 2.5 attributed to indica and ratios of less than 2.3 attributed to japonica. Recent morphometric data collected on modern rice species indicates that this does not work if wild species, including both the wild progenitors and other Oryza spp. are included (Figure 2 ). There is much variation in the size and proportions of domesticated and wild rice species today, making it difficult to assign one or a few grains to any given population (Thompson 1996: 176; Harvey 2006) . Nevertheless, we would encourage the use of scatter-plots of actual measurements ( Figure 3 ) as a more useful way to look at grain characters and suggest that some species distinctions can be made on an assemblage level. Also changes over time can be more easily tracked. A further problem is the issue of grain maturity, as immature grains will have exaggerated length-to-width ratios. We return to this problem below after considering what is expected in identifying the transition from wild to domesticated rice.
An evolutionary model of the rice domestication syndrome
There is an essential distinction between cultivation (human activity) and domestication (change in the plant). We should expect there to have been a phase, however brief, of pre-domestication cultivation (Helbaek 1960; Wilke et al. 1972; Hillman & Davies 1990; Harris 1996; Gepts 2004 ), and we should seek this archaeologically. In the Near East evidence suggests that pre-domestication cultivation was not brief, but lasted for one to two millennia (Tanno & Willcox 2006; Weiss et al. 2006) . The domestication syndrome consists of traits that evolved under cultivation, but they are unlikely to have evolved entirely simultaneously. In rice we can consider three traits that should be recoverable through archaeology:
1. Relaxation of selection for natural dispersal aids, i.e. the reduction in awns and hairs which help the shed spikelet grip the soil. As humans start to plant seeds this should relax natural selection in favour of maintaining these characters. As others have remarked, many domesticated rices are awnless, and those with awns have many fewer awn hairs (Sato 2002) . But there are also awnless wild rices such as Oryza meyeriana or O. granulata. (Vaughan 1994 ). 2. Increase in grain size, or grain weight. This character in cultivated cereals is related to increased efficiency and competitiveness in germination and early growth in open, heavily disturbed soils and with deeper burial of seeds, which is expected under tillage (see e.g. Harlan et al. 1973) . 3. Finally, and perhaps most important, is selection against wild-type dispersal, i.e. the development of a non-shattering spikelet base, allowing plants to be efficiently harvested, as by uprooting or by sickle (Hillman & Davies 1990) . It is this change which is most often taken as the key trait of domesticated cereals (see e.g. Zohary & Hopf 2000) . This trait however, evolves in response to human harvesting practices and may evolve later than some of the other traits. The non-shedding trait occurs in rice by a toughening of the attachment of the spikelet base to the rachilla, and as shown by Thompson (1996; 1997) , this is accompanied by a subtle change in the cross section of the rachilla attachment scar (also Sato 2002) .
Of particular importance is that this last trait allows plants to retain all their grains at maturity, as opposed to wild plants that lose grain progressively as they come into maturity. This issue is particularly important because we expect foragers to have targeted rice for harvest when substantial number of grains were immature (as known amongst grass-using foragers, cf. Harris 1984) . Immature spikelet bases may mimic those of domesticated types.
The challenge of rice foraging and grain immaturity
The challenge for hunter-gatherers targeting rice is that as grains mature they are shed into the water and mud where wild rice grows. Because rice panicles mature over an extended period, of 15-16 days, the number of grains available at one time on a plant changes. In order to maximise grain recovery it is necessary to target plants early in their grain production cycle, which means that a large proportion of immature spikelets will also be recovered ( Figure 4 ). This has two important implications, first that it will reduce selection pressure for the evolution of domesticated (non-shattering) plants, and second it can be expected to produce assemblages with proportions of immature spikelets, including those without significant grain formation and those in which grains are long and skinny as a product of how rice grains fill out during maturation ( Figure 5 ). This means that pre-domesticated assemblages will contain grains with exaggerated length:width ratios due to immaturity. Figure 5) . Sources: Kuahuqiao (Zheng et al. 2004b) , Longqiuzhuang (Huang & Zhang 2000) , Jiahu (Henan Provincial Institute of Archaeology 1999) , Chuodun (Tang 2003) , and Middle Yangzte Bashidang (Pei 1998) .
The combination of increasingly mature harvesting, allowed by loss of wild shedding, and selection for larger grains under cultivation will both contribute to morphometric change in archaeobotanical assemblages. The assemblages from Hemudu (5000-4000 BC, i.e. layers 4 & 3) and Kuahuqiao (6000-5400 BC) contained significant proportions of immature harvested spikelets, indicated both by spikelet/chaff remains and by grain morphometrics. At Hemudu finds included 'abundant empty husks of immature spikelets' (Zhou 2003: 430 [Chinese original]) . Similarly at Kuahuqiao, quantified rice remains included about 18 per cent grains, 47 per cent empty (dehusked) spikelets and 35 per cent intact spikelets (immature without full grain formation) (Zheng et al. 2004a) . A reassessment of published grain measurements from the region, including Kuahuqiao and the Majiabang culture site of Longqiuzhuang (4800-4000 BC) indicate that grains fall into the immature and/or wild progenitor range, but that a marked shift in grain size occurred by the later levels at Longqiuzhuang (Songze culture, after 4000 BC), at which time grains appear longer, wider and presumably represent predominantly mature-harvested grains (Figure 6 ). In addition the site of Chuodun (late Majiabang period site, just before 4000 BC), shows a marked distinction from earlier sites in having wider grains. This suggests that the process of morphological domestication took place during the Majiabang/Hemudu period. Quantitative data from the Middle Yangtze region is more limited, but data from Bashidang (7000-6000 BC), a site often associated with early rice agriculture, has markedly thin rice, comparable to those from Kuahuqiao, which we interpret as immature and morphologically wild. Also of note are measurements from Jiahu (Henan Province Institute 1999), which are remarkably small, and more suggestive of a different wild rice, such as Oryza officinalis, which did not contribute to later domesticated populations but is a prolific wild seed producer.
An additional source of evidence that suggests a shift from immature to mature harvesting during the Majiabang period comes from bulliform phytoliths. While some of the variation in shape amongst bulliforms appears to be under genetic control and therefore reflects phylogenetics (Zheng et al. 2003; 2004a; 2004b; cf. Pearsall et al. 1995) , there remains much to be understood about such phylogenetic variation in the past. However, some aspects of variation relate to plant maturity, especially horizontal length (HL) and vertical length (VL) show a strong correlation with plant maturity (Zheng et al. 2003 (Zheng et al. : 1217 . In other words more mature plants produce larger bulliforms. Recent metrical data on bulliforms from sites in the Lower Yangtze indicate a significant shift towards larger bulliforms through time (Figure 7 ). These data therefore agree with the evidence of grain morphometrics that earlier rice, e.g. of the Majiabang period, was being harvested substantially less mature than later, presumably domesticated rice of the Songze and Liangzhu phases.
Other evidence argues for pre-domestication cultivation during the Hemudu/Majiabang period. As is well-known, Hemudu yielded a great many hafted or haftable bone scapula artefacts, which are regarded as spades or hoes, as well as some wooden spade blades (Chang 1986: 212; Zhejiang Provincial Institute 2003) . This suggests manipulation of the soil through tillage. Coupled with the evidence that rice grains were largely immature we regard this as a strong case for wild plant food production. At the earlier Kuahuqiao, only four possible bone 'spades' were recovered, and these had poor hafting features suggesting they would not be suited to heavy tillage (Zhejiang Provincial Institute 2004: 176-7) . This argues for the development of cultivation with systematic tillage sometime between Kuahuaqiao and Hemudu, or during Hemudu.
In addition, a study of a small sample of rice spikelets from Hemudu, indicated a mixture of domesticated, wild and intermediate characters (Sato 2002) . Studies of awn remains had hair densities between those of modern wild and domesticated rices, thus suggesting that natural selection to maintain spikelet dispersal aids had been relaxed by cultivation. In addition spikelet bases included both smooth, wild types and torn types (although these may include immature wild as well as domesticated individuals).
From the later Majiabang period the first preserved field system, interpreted as small rice paddies, has been recovered from the sites of Caoxieshan (Jiangshu province) (Zou et al. 2000) and Choudun (Zhejiang Province) (Gu 2003) . This development would have an important effect in terms of separating the cultivated wild rice from cross-pollination with free-growing populations, thus accelerating evolution. In the context of these small plots, experimentation with new harvesting methods, like uprooting, may also have played a role in domestication. Zheng et al. 1994; 2004a; 2004b; Wang & Ding 2000) . (Tao et al. 2006). On the grounds of the above data, we suggest that wild plant food production began by or during the Hemudu phase (i.e. by c . 5000 BC) and that domesticated rice had evolved by c . 4000 BC (Figure 8 ). This implies that earlier finds of rice, such as Kuahuqiao and probably Shangshan represent wild rice gathered by foragers (with some cultivation perhaps beginning before the end of Kuahuqiao). It should be noted that this scenario implies an evolutionary process to evolve non-shattering rice plants with a duration of the order 1000-1500 years. Data from the Near East indicate an equivalent period in the evolution from early cultivation to domesticated wheat and barley (Colledge 1998; Willcox 2004; Tanno & Willcox 2006; Weiss et al. 2006) .
Figure 7. Size increase in Lower Yangtze rice phytoliths. The upper graph shows measured horizontal length (HL) and vertical length (VL) of rice bulliform phytoliths from Majiabang period samples (M), while the lower graph shows measurements from samples of the subsequent Songze (S) and Liangzhu (L) phases. The dashed oval represents the distribution of the Majiabang measurements. Data re-plotted, from

Figure 8. The idealised evolutionary spectrum from pure foraging to agriculture based on domesticated crops, indicating the significant stages of wild plant food production and pre-domestication cultivation (after Harris 1990). On the row at the base of the chart the inferred presence of these stages in the Lower Yangtze river area. Also noted is the regional decline in oaks indicated in pollen data
Wider implications for early East Asian agriculture
Our hypothesis has wider repercussions for understanding the origins and spread of agriculture in East Asia. Clearly, pottery developed in East Asia well in advance of agriculture, as is true in many other parts of the world (Rice 1999; Kuzmin 2006) . It would also imply that sedentary hunter-gatherers preceded agriculture, rather than sedentism being driven by agriculture. In recent years, the orthodoxy has been that rice agriculture began early, perhaps at the start of the Holocene or late Pleistocene, in the Middle Yangtze, perhaps amongst seasonally inhabited cave-sites (e.g. Cohen 1998; Yasuda 2002; Higham 2005) . The archaeobotanical basis for these inferences, however, has remained very limited (see Lu 1999; Crawford 2006) . One site of the Pengtoushan culture, Bashidang, produced quantities of rice, but as indicated above this fits clearly with wild rice. Other criteria which have been used to suggest domestication include husk patterns (Zhang & Wang 1998 ) and husk phytoliths (Zhao 1998) , although the relationship between these and evolution under cultivation (the domestication syndrome) remain unclear. Recent tests of these criteria on modern rice species fail to support their utility for inferring domestication (Harvey 2006) . Nevertheless, some average grain 'types', reported from later Chengtoushan (Pei 1998) , suggest the presence of both wild as well as mature/domestic types by the mid-fifth millennium BC and the Daxi Culture period.
The delayed domestication of rice in the Yangzte implies that millet domestication in northern China developed first. The earliest well-documented millets are from c . 6000 BC at Xinglonggou, in Eastern Inner Mongolia (Zhao 2005) , while millet cultivation is regarded generally as established in the Yellow River basin by 5500 BC (the Beixin, Cishan, Peiligang and Dadiwan cultures). Rice from the south was added to this agricultural system only in the third millennium BC, with a few rice finds from Late Yangshao contexts (3000-2500 BC) and many more from the Longshan period (2500-2000 BC) (Crawford et al. 2005) . This would suggest that within 1000-1500 years of fully domesticated rice in the South it had spread to Central China. The spread of rice southwards, to Taiwan and Vietnam, has a similar time frame with the earliest finds dating to c . 2500 BC (Higham 2005; Tsang 2005) . The southward dispersal is often linked to migration and demographic expansion. Indeed the revised time frame makes this dispersal comparable in rate to the spread of crops from Greece through much of Europe, to the western Linearbandkeramik of Belgium and the Cardial Ware related pottery of Mediterranean France and Iberia. An earlier development of rice agriculture leaves unexplained a long latent period with little evidence for demographic growth and expansion.
Concluding remarks: nut foragers and rice domestication
At Hemudu the presence of rice has been emphasised whereas the quantities of nuts, especially acorns, has been mainly ignored. Both Hemudu and Kuahuqiao produced substantial quantities of waterlogged plant remains. Rice was a small component of a broader subsistence base with a focus on nuts. Table 1 summarises the species present at these sites (Zhejiang Provincial Institute 2003; . What is striking about this list of taxa is the wide range of nuts, in particular acorns, which were found in large quantities in storage pits. The authors have recently begun a collaboration with the Zhejiang Pronvincial Institute of Archaeology and Chinese Academy of Social Sciences on the archaeobotany of Tian Luo Shan, a site of the Hemudu culture. Here, large quantities of acorns and waterchestnuts are preserved in water-logged samples and storage pits, in addition to rice spikelet bases and other wild (weed?) seeds. Nut remains substantially outnumber those of rice, which was probably also true at Hemudu although the remains were never quantified and the acorns were ignored in publications on the site. The ongoing investigation of new material will Our hypothesis of a late rice domestication not only provides a coherent integration of archaeobotanical evidence with expectations from botany and genetics, but suggests an explanatory framework for the origins of rice agriculture. Regional pollen evidence indicates a marked decline in oaks at the end of the sixth millennium BC (Tao et al. 2006) , which could suggest an important 'push' factor that encouraged the development of rice cultivation. Models of agricultural origins drawn from evolutionary ecology (the 'diet breadth model'), suggest that many early crops were secondary resources, but were reliable sources of subsistence risk-buffering which became increasingly important when primary resources (such as nuts) declined, whether due to over exploitation or climatic factors (e.g. Winterhalder & Goland 1993; Keeley 1995; Piperno & Pearsall 1998) . A social pull factor can also be suggested. Specialised craft production, and potential status artefacts (such as jades and fine ground axes), began to be produced during the Kuahuqiao through Majiabang horizon, and emerged as key status symbols in the Songze (4000-3300 BC) and subsequent Liangzhu periods (3300-2200 BC). The cultivation of wild rice in small wetland plots could also have provided a source of wealth production, as its surplus could have been more reliably produced and controlled than foraged resources. Our evolutionary model for rice also makes sense in terms of what is known from archaeology of settlement patterns and inferred social organisation (Qin 2000; Fuller et al. in press ), as it is only after the Majiabang period (during the Songze and subsequent Liangzhu periods) that evidence suggests a demographic filling in of the landscape, social differentiation and specialised craft production. A post-4000 BC demographic explosion therefore becomes explicable.
The available data clearly indicate the need for archaeologists to cease and desist in presuming that all rice finds are domesticated and equate to agriculture. Rather we need to look for the long-term processes, by which nut collectors became rice farmers, and one of many wild marsh grasses in the genus Oryza became the world's most productive crop.
